ABSTRACT: As the central figure of the cellular protein degradation machinery, the proteasome is critical for cell survival. Having been extensively targeted for inhibition, the constitutive proteasome has proven its role as a highly valuable drug target. However, recent advances in the protein homeostasis field suggest that additional chapters can be added to this successful story. For example, selective immunoproteasome inhibition promises high clinical efficacy for autoimmune disorders and inflammation, and proteasome inhibitors might serve as novel therapeutics for malaria or other microorganisms. Furthermore, utilizing the destructive force of the proteasome for selective degradation of essential drivers of human disorders has opened up a new and exciting area of drug discovery. Thus, the field of proteasome drug discovery still holds exciting questions to be answered and does not simply end with inhibiting the constitutive proteasome.
■ INTRODUCTION
Homeostasis between protein synthesis and degradation is a pivotal cellular process involving a multitude of precise and highly complex regulatory processes. The predominant system responsible for the degradation of ∼80% of all cellular proteins is the ubiquitin proteasome system (UPS). 1 At the heart of this eukaryotic protein degradation machinery is the proteasome, a large, tightly regulated protein complex with a total molecular weight of about 2.5 MDa. 2, 3 Proteins are targeted for proteasomal degradation via the covalent attachment of the 8.5 kDa protein ubiquitin. 4 Ubiquitination occurs via three different enzymes. 5 Ubiquitin is activated by a ubiquitinactivating enzyme (E1) and subsequently transferred to a ubiquitin-conjugating enzyme (E2) before it is finally coupled to the substrate protein by means of a ubiquitin-protein ligase (E3). The typical ubiquitination pattern for recognition by the proteasome comprises a chain of at least four ubiquitins, with the first one being attached to a surface Lys of the target protein via an isopeptide bond. 4, 6 As mentioned above, the proteasome is at the center of the protein degradation regulatory network and can be found in the cytoplasm as well as the nucleus of eukaryotic cells. It is a highly complex molecular machine, consisting of various complexes, all possessing the 20S core particle (CP). 7, 8 The 20S CP has a mass of ∼700 kDa and comprises 28 protein subunits that are stacked in four homologous rings of seven, forming a hollow cylindrical structure. The two inner rings each formed by seven β subunits (β1−7) are enclosed by the two outer rings assembled from seven α subunits (α1−7) ( Figure 1A) . 9, 10 The proteolytic chamber is formed by the β-rings, which harbor the three catalytically active subunits β1, β2, and β5 that exhibit caspase-like (CL), trypsin-like (TL), and chymotrypsin-like (ChTL) activities, respectively ( Figure 1B ). The two α-rings regulate access to the proteolytic chamber by limiting entry to unfolded polypeptide chains. In vertebrates, three different CPs have been identified. The highly abundant constitutive proteasome (cCP) is present in all tissues, whereas the immunoproteasome (iCP) appears predominantly in monocytes and lymphocytes and the thymoproteasome (tCP) is exclusively found in cortical thymic epithelial cells ( Figure 1B ). 11−13 Each of the three CPs harbors a unique set of catalytic β-subunits resulting in slightly modified cleavage preferences. While the cCP contains the proteolytic β-subunits β1c, β2c, and β5c, the iCP incorporates β1i, β2i, and β5i, while the tCP holds subunits β1i, β2i, and β5t. Due to modified substrate binding pockets, the proteolytic subunits of the iCP and tCP generate substrate epitopes for the antigen presenting major histocompatibility complex-I (MHC-I) receptors of the immune system at a considerably higher rate. 14−16 To prevent uncontrolled degradation of cellular proteins, access to the 20S CP is tightly regulated. Three different caps, the bleomycin-sensitive 10 cap (Blm10), the 11S cap, and the 19S regulatory particle (RP), have been identified to dock onto the 20S CP and gate admission to the proteolytic chamber ( Figure 1C) . 1, 7, 8 Gating requires controlled opening of the α-ring to allow for proteolytic breakdown of the administered substrate. The two proteasome activators the 11S cap (proteasome activator 28, PA28) and Blm10 (also PA200 in humans) open the proteasome for substrate degradation in an ATP-and ubiquitin-independent manner. While their structures have been solved, their exact mode of action and regulation is still not fully understood. 7, 17 Blm10 is composed of a single-chain ∼250 kDa cap that wraps around the 20S CP and forms multiple HEAT repeats. 18 The 11S cap is assembled from a ring of seven subunits that interact with the α-ring via their C-termini in a similar fashion as the 19S RP. It is primarily found in the immunoproteasome in an 11S−20S−11S assembly or as a hybrid proteasome in combination with the 19S RP (19S−20S−11S) ( Figure 1D ). 8 The 19S RP is the best characterized proteasome activator and complexes with the 20S CP as the prominent constitutive 26S proteasome harboring a 19S−20S−19S setup ( Figure 1D ). The 19S RP is an ∼900 kDa complex of 19 individual subunits that activates the proteasome in an ATP-dependent manner and recognizes and cleaves ubiquitin chains from the substrate. Structure elucidation has divided the 19S RP into two subcomplexes: the base and the lid. 19 The base is assembled from ten subunits including six ATPases (Rpt 1−6), two organizing subunits (regulatory particle non-ATPase 1 (Rpn1) and Rpn2), and two ubiquitin receptors (Rpn10 and Rpn13). The lid is composed of nine subunits (Rpn3, 5−9, 11, 12, and 15) with Rpn11 as the only deubiquitylating enzyme of the 19S RP and the whole proteasome ( Figure 1C) . 20, 21 The proteasome is pivotal for intracellular protein homeostasis as it eliminates misfolded proteins. Proteasome inhibition results in a multitude of cellular responses such as endoplasmatic reticulum (ER) stress, unfolded protein response, NFκB inhibition, cell cycle arrest, inhibition of angiogenesis, or an increase in proapoptotic factors and tumor suppressors. 22−24 Consequently, the proteasome is a highly interesting and long-established drug target with three FDA approved drugs on the market (bortezomib, carfilzomib, and ixazomib) that inhibit its proteolytic activity. Proteasome inhibition has been extensively reviewed in previous articles. 22,23,25−30 This review will focus only on the recent advances in the field, especially in targeting the immunoproteasome, proteasome inhibitors as potential antimalaria agents, and the novel Rpn11 inhibitor capmizin.
■ PROTEASOME INHIBITION
The Constitutive Proteasome. In early studies proteasome inhibitors were primarily used to uncover and study the proteasome's catalytic activity. 31−33 Although these compounds were only limited to proof-of-principle studies due to a lack of efficacy, stability, or specificity, they revealed the essential role of the proteasome for cell function and survival. It was observed that proteasome inhibitors induced apoptosis in leukemic cell lines and were even effective against hematological and solid tumors. 34−36 The substrate binding channel with its specificity pockets (S) as well as the N-terminal Thr (Thr1) in the active site represents the central leverage point for proteasome inhibition. 25 Most proteasome inhibitors are peptide-inspired compounds whose side chains (P sites) are tailored to engage the S pockets in order to gain subunit selectivity (Figure 2A ). To do so, these peptide-like inhibitors imitate the binding mode of natural proteasome substrates. Most proteasome inhibitors target the ChTL β5-subunit because inhibition of β5 results in the greatest reduction of protein breakdown rates, whereas inactivation of β1 and β2 has a smaller impact on general proteolysis. 8 The additional affinity of most β5 inhibitors for β1 and β2 is primarily coincidental. 28 In order to inhibit the catalytic activity of the β subunit active site, most inhibitors are equipped with an electrophilic headgroup that either reversibly or irreversibly engages the N-terminal active site Thr1. The majority of current proteasome inhibitors comprise a boronic acid, an epoxyketone, or a β-lactone as electrophilic warhead.
The first proteasome inhibitor, bortezomib (Velcade, Millennium Pharmaceuticals), was approved by the FDA in 2003 for the treatment of multiple myeloma ( Figure 2B ). 37 Bortezomib is a reversible dipeptide boronate inhibitor targeting the ChTL β-subunits β5c and β5i with low nanomolar half maximal inhibitory concentration (IC 50 ) values of 7 nM and 4 nM, respectively, while showing reduced affinity for the β1c subunit (74 nM) and negligible affinity for the remaining β- subunits. 38 Since its initial approval for multiple myeloma in 2003 bortezomib has been additionally approved for the treatment of mantle cell lymphoma and is currently under investigation in a multitude of clinical trials in combination with various other chemotherapeutic agents. 39 Although bortezomib is approved for the treatment of blood cancer, its initially promising results against solid tumors did not translate into clinical trials, and the amount administered is restricted by a narrow therapeutic window. 22 Furthermore, bortezomib needs to be administered intravenously and exhibits considerable side effects such as peripheral neuropathy, thrombocytopenia, and gastrointestinal disorders. 40 The success and shortcomings of bortezomib prompted the hunt for novel proteasome inhibitors with reduced off-target effects. Based on the natural product epoxomicin the tetrapeptide carfilzomib (Kyprolis, Proteolix Inc.) was evolved as an irreversible proteasome inhibitor ( Figure 2B ). Carfilzomib belongs to the epoxyketone family of proteasome inhibitors and covalently attacks active site Thr1 under the formation of a morpholine ring. 41, 42 It targets the β5c and β5i subunits of the 20S CP with IC 50 values of 6 nM and 33 nM, respectively, and shows an improved selectivity profile with fewer off-target effects compared to bortezomib. 38 Carfilzomib, showing a broader therapeutic window, was approved for treatment of multiple myeloma by the FDA in 2012. 43 In vitro, carfilzomib proved active even against bortezomib-resistant multiple myeloma cell lines. 44 However, like bortezomib, carfilzomib has to be administered intravenously and has a short half-life of roughly 30 min. 45 An orally available carfilzomib analogue, oprozomib (ONX0912, Onyx Pharmaceuticals), is currently evaluated in clinical trials ( Figure 2B) . 46 Oprozomib appears to be almost as potent as carfilzomib and inhibits β5c and β5i with IC 50 values of 36 and 82 nm, respectively. 47, 48 The third proteasome inhibitor approved by the FDA in 2015 is the second generation peptide boronic acid ixazomib (MLN2238, Millenium Pharmaceuticals, Figure 2B ). Ixazomib is the first orally available proteasome inhibitor and is administered as a prodrug (MLN9708) which rapidly hydrolyzes into the bioactive boronate. 49 Ixazomib shows an IC 50 value of 3.4 nM toward β5c and 31 nM for β1c, respectively, Most proteasome inhibitors are peptide-inspired compounds whose side chains (P sites) are tailored to engage the S pockets in order to gain subunit selectivity.
with no reported data on β5i. 49 However, the half-life of ixazomib is substantially shorter than that of bortezomib. 22, 30 The only nonpeptidic proteasome inhibitor in advanced clinical trials for multiple myeloma is the natural product salinosporamide A, also known as marizomib (Nereus Pharmaceuticals, Figure 2B ). Marizomib is orally available and inhibits the proteasome irreversibly via an ester and tetrahydrofuran formation. 50 It is the smallest proteasome inhibitor identified thus far and has the lowest IC 50 value among all previous reported β5c inhibitors with 2.5 nM, while additionally engaging β2c (IC 50 = 26 nM) and β1c (IC 50 = 330 nM). 50 However, its very short half-life of less than 15 min and its ability to penetrate the blood−brain barrier might hamper its therapeutic success. 51 The Immunoproteasome. Selective inhibition of the immunoproteasome has recently gained substantial interest as the immunoproteasome has been associated with the development and progression of neurodegenerative diseases, autoimmune disorders, inflammation, and certain types of cancer. 15, 52, 53 In particular, inhibition of the β5i subunit of the immunoproteasome has been associated with beneficial effects for the treatment of arthritis and colorectal carcinoma.
54, 55 Crystal structures of the murine cCP and iCP revealed structural differences between β5c and β5i in the S1 pocket, which indicates that inhibitors with larger P1 residues favor β5i over β5c (Figure 2A) . 56 Additionally, differences in the amino acid sequence between the cCP and iCP can be used for selective targeting of the immunoproteasome. 57 The most advanced immunoproteasome inhibitors thus far are the β1i selective IPSI-001 and the β5i selective ONX0914 (Figure 3) . The peptide aldehyde inhibitor IPSI-001 shows an over 100-fold increased selectivity for β1i compared to β1c. Treatment with IPSI-001 results in an accumulation of ubiquitin−protein conjugates and proapoptotic proteins, as well as causing caspase-mediated apoptosis in in vitro models of hematological malignancies. 58 However, due to its high K i of 1.03 μM (no IC 50 reported) and the well-known crossreactivity of aldehydes with Cys residues, off-target effects are highly likely. ONX0914 is a β5i selective epoxyketone with low nanomolar activity (IC 50 = 28 nM) and more than 10-fold selectivity over β5c. 55 It reduces the production of proinflammatory cytokines and the expression of MHC-I receptors on the cell surface without significant toxicity. ONX0914 capitalizes on the slightly more spacious S1 pocket in β5i to gain immunoproteasome selectivity. 56 Recentyl, the ONX0914 derivative KZR-616 (Kezar Life Sciences) has entered phase 1a clinical trials (August 2016) as the first immunoproteasome inhibitor and shall be tested against a number of autoimmune and inflammatory diseases. Despite their initially promising data, only one clinical trial for immunoproteasome inhibitors has been launched thus far (KZR-616), and various recent studies are still trying to elucidate the structural requirements for selective immunoproteasome targeting and to identify novel inhibitors. This effort is paired with the ability to detect cCP and iCP subunit binding in a feasible assay. A recently reported method utilizing fluorescently labeled activity-based probes followed by SDS−PAGE separation allows for simultaneous detection of all six cCP and iCP catalytic subunits and might prove useful to fully evaluate inhibitor binding in the future. 59 The structural differences in the S1 binding pocket between β5i and β5c arise from a different orientation of Met45 and have been elucidated in different studies to understand and develop selective immunoproteasome inhibitors ( Figure  2A) . 60, 61 Based on the natural product belactosin C it was observed that the difference between an isoleucine versus a valine residue is already sufficient to achieve subtype selectivity between β5i and β5c due to deeper penetration into the S1 pocket of the isoleucine side chain (lactone 3, Figure 3 ). 60 The same principle was used to increase subtype selectivity of ONX0914 by replacing the P1 Phe residue with a cyclohexyl moiety. 61 Besides harnessing the structural differences of the S1 pocket to achieve selectivity for β5i, exploitation of the S4 pocket provides an additional possibility. Superimposition of the murine mβ5i and mβ5c subunits in combination with sequence alignment identified a noncatalytic Cys residue (Cys48) exclusively present in the S4 binding pocket of the β5i subunit (Figure 2A) . The nucleophilic nature of Cys48 was exploited to covalently attack an α-chloroacetamide-modified side chain of the decarboxylated tetrapeptide 4-CA ( Figure  3) . 57 The optimized peptide 4-CA shows more than 150-fold selectivity for β5i over β5c and decreases the production of inflammatory cytokines. Other nonpeptidic, selective inhibitors of β5i have been identified using a structure-guided virtual screen. 62 The initially identified reversible binders could be evolved into irreversible inhibitors bearing a oxathiazolone warhead (compound 42), which was recently identified as selective for Thr modification (Figure 3) . 63 Due to structural similarities with another nonpeptidic β5i selective inhibitor, it is likely that 42 engages the β5i subunit in a unique binding mode utilizing subpockets outside of the natural substrate binding channels. 64 These subpockets might be exploited for the development of novel selective immunoproteasome inhibitors that are not dependent on the traditional peptide binding sites. Besides alternating the side chains (P sites) of the different inhibitors, the introduction of a peptide sulfonyl fluoride (PSF) warhead showed selective modification of the β5i subunit while having no effect on β5c.
65 Treatment of β5i with PSF peptide 3 induced irreversible deactivation of the proteolytic active site via polarity inversion and intramolecular cross-linking between Thr1 and K33 ( Figure 3 ). This resulted in a catalytically dead β5i subunit and identified a novel mechanism of proteasome deactivation.
Proteasome Inhibitors in Malaria. Not only have proteasome inhibitors been evaluated for inhibition of the human proteasome, but likewise, they have proven to be effective against the malaria parasite Plasmodium falciparum. As the parasite depends on a rapid protein turnover while dividing inside host cells, the proteasome offers a valid target for antimalarial drugs. 66, 67 Early studies identified inhibition of the P. falciparum proteasome as a valuable strategy; however, the tested compounds also inhibited the mammalian proteasome hampering their use as pharmaceutical agents. Moreover, the lack of structural data restricted the identification of suitable inhibitors solely to screening trials. 68−70 A carfilzomib analogue was identified as effective in killing parasites while having only minor effects on host cells. 71 Interestingly, this compound owes its therapeutic window not to selective inhibition of the parasite proteasome but to insufficient inhibition of the human β2 subunit. To assess subunit dependency within the P. falciparum life cycle, an active site probe labeling the catalytic subunits β1, β2, and β5 was designed that identified β5 inhibition as effective during the replication stage (schizogony), while simultaneous β2 and β5 inhibition resulted in enhanced parasite killing at all stages. 72 Further investigation led to the assumption that, as previously identified for Mycobacterium tuberculosis, 73 the P1 and P3 amino acid residues of the inhibitor are especially important for selective targeting of the P. falciparum proteasome. 74 This hypothesis was verified in 2016 by the first structural insight into the P. falciparum 20S CP using cryo-electron microscopy combined with single particle analysis. 75 This groundbreaking study identified several tripeptide vinyl sulfones containing sterically demanding Trp residues as selective inhibitors which favor the parasite β2 subunit over human β2 (WLW-vs, Figure 4A ). Changing the P1 side chain to Leu (WLL-vs) results in simultaneous inhibition of parasite subunits β2 and β5 as well as human β5.
75 Structural analysis indicated a narrower binding pocket of human β2 with reduced accessibility for Trp in positions P1 and P3 as observed for WLW-vs ( Figure 4B ). Effective killing of Selective inhibition of the immunoproteasome has recently gained substantial interest as the immunoproteasome has been associated with the development and progression of neurodegenerative diseases, autoimmune disorders, inflammation, and certain types of cancer. artemisinin-resistant parasites was achieved via cotreatment with the β2-selective inhibitor WLW-vs and dihydroartemisinin at concentrations where WLW-vs selectively inhibits the parasite β2 subunit. Furthermore, the β2/β5 selective inhibitor WLL-vs showed a broad therapeutic window and was highly efficient in a Plasmodium chabaudi mouse model where a single dosage of WLL-vs resulted in almost complete parasite clearance without any significant side effects. Inhibition of Rpn11. In contrast to targeting the proteolytic β subunits of the 20S CPthe mode of action for all the previously described compoundsa recently published study pursued the idea of clogging the proteasome by inhibiting its deubiquitinase activity of Rpn11. 76 Rpn11 is a metalloisopeptidase located in the lid of the 19S RP that cleaves polyubiquitin chains from the substrates (Figure 5A ), thus allowing ubiquitin recycling as well as substrate access to the 20S CP. Rpn11 is the only deubiquitylating enzyme present in the 26S proteasome, and its catalytically active JAMM domain with its bound Zn 2+ cation was validated as a potential target for proteasome inhibition. Point mutations of its active site resulted in a severe decrease in proteolysis and ultimately cell death. 20, 21 A fragment-based drug discovery (FBDD) approach that screened more than 330,000 compounds including metalbinding pharmacophores yielded a moderate Rpn11 inhibitor with an IC 50 value of ∼2.5 μM. Further lead optimization and SAR studies resulted in the identification of capzimin, a Rpn11 inhibitor with an IC 50 of 300 nM and a more than 10-fold preference for Rpn11 over other JAMM isopeptidases ( Figure  5B) . 76, 77 Capzimin proved active against several cancer cell lines, including bortezomib-resistant cell lines, induces the unfolded protein response, and blocks cell proliferation. Although capzimin needs to be further optimized to gain more drug-like properties, its orthogonal mode of action identified a novel approach for proteasome inhibition, which is especially interesting considering the emergence of resistances toward the classic "omib" therapeutics.
■ CONCLUSION
The proteasome is the key player of the cellular protein degradation machinery and is pivotal for protein homeostasis to ensure cell proliferation and survival. The 20S constitutive catalytic core of the proteasome represents a valid drug target with three FDA approved drugs and many compounds in clinical trials. Despite their huge success, proteasome inhibitors may be limited to nonsolid tumors, especially blood cancer. 78 As observed for numerous anticancer agents or antibiotics, drug resistance emerges after long-term treatment, hampering clinical efficacy. Extensive structural analysis has pinpointed bortezomib resistance to different mutations in the β5 subunit that restrict inhibitor access to the active site. 79 However, carfilzomib binding is less affected than bortezomib or ONX0914, owing its reduced susceptibility to (1) its irreversible mode of action and (2) its tetrapeptide structure allowing for better anchoring in the β5 binding channel compared to the dipeptide bortezomib or the tripeptide ONX0914. The emerging resistances and still severe off-target and side effects of proteasome inhibitors fuel the need for novel and more selective therapeutics. Additionally, a deeper understanding of the emerging resistance mechanisms might guide the design of next generation proteasome inhibitors.
Accumulated evidence suggests that selective targeting of the immunoproteasome will bear distinct clinical benefits in the treatment of inflammatory and autoimmune disorders. 25 As KZR-616 is the only immunoproteasome inhibitor that has advanced to clinical trials, various different strategies to develop selective immunoproteasome inhibitors are still being pursued. Exploiting structural differences of the iCP catalytic subunits or unique reactivities due to sequence differences led to the identification of selective iCP inhibitors. However, it appears that selectivity for murine β5i does not easily translate across species for selectivity against human proteasomes. Therefore, further studies are needed to evaluate if the mouse immunoproteasome can function as a suitable mimic for the human immunoproteasome. Accumulating evidence suggests that the rat model might be more suitable than the mouse model in this regard. As there is still a considerable lack of structural and biological information on the immunoproteasome, further studies are necessary to fill the gaps. Even less is known about the thymoproteasome and its role in human disorders. Nonetheless, the expected therapeutic benefits of immunoproteasome inhibition make this field a current focus of proteasome drug discovery.
The recent insight on proteasome inhibitors as selective antimalaria agents represents another highly interesting branch of proteasome research. Today, technical advances in electron microscopy allow detailed studies of huge molecular machines and facilitated the first structural insight into the proteasome of P. falciparum. 75 This study constitutes a breakthrough for the development of more selective proteasome inhibitors as antimalaria therapeutics. However, this field is still in its infancy, and a better understanding of the underlying processes will allow for therapeutic advancement. It highlights the essential role of the proteasome in all forms of life, and how proteasome inhibition might allow selective targeting of other organisms as well. Exploiting structural differences of the iCP catalytic subunits or unique reactivities due to sequence differences led to the identification of selective iCP inhibitors.
Instead of blocking the proteasome to achieve therapeutic benefit, small molecules that specifically induce proteasomal degradation are able to exploit its unique ability to degrade almost every cellular protein. These bifunctional molecular entities, known as proteolysis-targeting chimeras (PROTACs), have emerged as a highly interesting approach in drug discovery. 80−82 PROTACs have successfully reduced cellular levels of highly interesting protein targets and are capable of reaching beyond the limits imposed by traditional drug discovery as target engagement is already sufficient for proteasomal degradation. Furthermore, PROTAC activity might even be enhanced by cotreatment with certain recently identified proteasome activators. 83 In summary, the proteasome constitutes a well-established drug target that has advanced the treatment of various forms of blood cancer. However, the therapeutic potential of proteasome inhibition does not seem to be exhausted, yet. Especially the immunoproteasome and the proteasome of various parasites and microorganisms depict promising targets to continue the success story of proteasome inhibition.
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